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Nuclear inclusion protein a (NIa) protease of turnip mosaic potyvirus is responsible for the processing of the viral
polyprotein into functional proteins. The NIa protease was found to exhibit its optimum catalytic activity at approximately
157 and a bell-shaped pH-dependent activity profile with a maximum at approximately pH 8.5. Kinetic studies showed that
both Km and Vmax values were lower at 12 than at 257 in all three different pH conditions, pH 7.0, 7.4, and 8.3, indicating
that the higher activity at 127 is due to the lower value of Km . Interestingly, the self-cleavage of the 27-kDa protease to
generate the 25-kDa protease occurred more rapidly at 25 than at 127, implying that the C-terminal self-cleavage site may
interfere with the binding of the peptide substrate to the active site of the protease. Mutations and deletions at the C-
terminal cleavage site had no effect on the temperature dependence of the proteolytic activity, demonstrating that the C-
terminal self-cleavage is not related to the low-temperature optimum catalytic activity. The fluorescence measurement of
the NIa protease upon temperature variation revealed that the protease undergoes a large conformational change between
2 and 427 and a drastic transition near 457, suggesting that the low-temperature optimum catalytic activity is due to the
highly flexible structure of the NIa protease. q 1996 Academic Press, Inc.
The nuclear inclusion protein a (NIa) of potyviruses is cylindrical inclusion protein (6, 8). Although the structural
and kinetic properties of the picornavirus 3C proteasesa protease which processes the C-terminal two-thirds of
the viral polyprotein into functional proteins (1). The NIa which are similar to the NIa protease in primary structure
have been studied (9, 10), the biochemical properties ofprotease consists of two domains: the 22-kDa VPg (viral
protein genome-linked) domain at the N-terminus and the NIa protease itself have not been investigated in
detail. The NIa protease adapted to the environments ofthe 27-kDa protease domain at the C-terminus (2). The
NIa protease has been considered to be structurally and plant cells through an evolution is expected to have some
biochemical properties distinct from those of the picorna-functionally related to the trypsin-like serine proteases
on the basis of sequence similarity (3, 4). The similarity virus 3C proteases in mammalian cells.
We have investigated the effects of pH and tempera-of the potyviral NIa protease to serine proteases has
been supported by site-directed mutagenesis and inhibi- ture on the proteolytic activity of the NIa 27-kDa protease
from TuMV-C5. The effect of pH on the proteolytic activitytion studies (5).
Recently, the NIa proteins or their protease domains was examined by measuring the catalytic activities in
different pH conditions using MES (pH 5.7 to 6.8), HEPESfrom turnip mosaic virus C5 (TuMV-C5) and tobacco etch
virus (TEV) were expressed in Escherichia coli and puri- (pH 7.0 to 7.9), Tris (pH 8.1 to 9.4), sodium carbonate/
bicarbonate (pH 9.5 to 10.0), or CAPS (pH 10 to 10.5) withfied as a mixture of two proteins (49 and 47 kDa or 27
and 25 kDa) (6 – 8). The 47- and 25-kDa proteins were 10 mM KCl, 10 mM MgCl2 , and 0.5 mM DTT in the buffer
solution, respectively. Each reaction was carried out withfound to be generated by the self-cleavages of the 49-
and 27-kDa proteases, respectively. The truncated 25- a 0.62 mM concentration of a nonapeptide substrate,
Ac-Glu-Pro-Thr-Val-Tyr-His-Gln-Thr-Leu-amide, and 62.5kDa protein of TEV was one-twentieth as efficient as the
27-kDa protease in the cleavage at the junction between mg/liter of the protease. The nonapeptide substrate con-
tains the cleavage site between the 6K1 protein and thethe nuclear inclusion protein b and the capsid protein
while the proteolytic activity of the TuMV NIa protease cylindrical inclusion protein in the TuMV polyprotein. The
purification of the protease and the assay of the catalyticwas hardly affected by the C-terminal deletion in the
cleavage at the junction between the 6K1 protein and the activity were performed according to the procedures de-
scribed previously (6).
The effect of pH on the proteolytic activity of the TuMV1 To whom correspondence and reprint requests should be ad-
dressed. NIa 27-kDa protease was found to exhibit a bell-shaped
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profile with a maximum at approximately pH 8.5 (data pH 7.0, 7.4, and 8.3, respectively. Accordingly, the higher
catalytic efficiency at the lower temperature is attributednot shown). The protease exhibited its highest activity in
the pH range from 8.3 to 8.7, consistent with the optimum to the higher affinity of the substrate for the active site
of the protease. In both temperatures, less protonationpH obtained for the TuMV 49-kDa NIa protease (7). The
activity increased from pH 6.0 to 8.3 and decreased from of the protease was found to make the interaction be-
tween the active site and the substrate relatively unfavor-pH 8.6 to 10.5 with the abrupt changes at the respective
pKa values of approximately 7.2 and 9.6. The pKa of 7.2 able, and to increase the turnover number. The Km values
were approximately 1 mM, indicating that the protease –strongly implicates the presence of a histidine, which is
one of the putative active site triad in the NIa protease. substrate interaction is very weak. The Km values de-
creased 4-fold in the presence of KCl at a physiologicalThe origin of the higher pKa is not clear, but it is specu-
lated that the pKa reflects the protonation of the sulfhydryl concentration (150 mM), implying that the interaction be-
tween the viral polyprotein cleavage site and the prote-group of the cysteine residue in the active site or a con-
formational change induced by low protonation. ase in plant cells may be more favorable than evaluated
by the observed Km values (data not shown).In order to investigate the effect of temperature on the
proteolytic activity, the NIa protease at the concentration What makes the Km value increase at higher tempera-
tures? Recently, the NIa protease was found to cleaveof 62.5 mg/liter was preincubated in the buffer containing
20 mM HEPES, pH 7.4, 10 mM KCl, 10 mM MgCl2 , and itself to produce a truncated 25-kDa protease with a dele-
tion of C-terminal 24 amino acids in TEV or 20 amino0.5 mM DTT without the peptide substrate at various
temperatures for 5 min, and the reaction was started by acids in TuMV (6, 8). The cleavage site in the protease
was determined to be located between Met218 and Ser219adding the nonapeptide substrate to the reaction mixture.
The activity was measured with the substrate at the con- for TEV, or between Ser223 and Gly224 for TuMV-C5. The
self-cleavage was found to occur in cis and the sequencecentration of 0.62 mM which is lower than the Km value
at pH 7.4 and 257 (6). At this low concentration of the of the cleavage site was not homologous to other cleav-
age sites recognized by NIa protease in both cases. Thesubstrate, the affinity of the substrate for the protease
can be a major determinant of the catalytic activity ac- role of this C-terminal self-cleavage is not clear. Ac-
cording to the result that the truncated form of TEV NIacording to the Michaelis–Menten equation (11). In this
condition, the protease was found to be highly active at protease was one-twentieth as efficient as the full-length
form in the cleavage between the nuclear inclusion pro-relatively low temperatures with its optimum proteolytic
activity at approximately 157 (Fig. 1A). The proteolytic tein b and the capsid protein, it has been speculated
that the C-terminal region plays a significant role in theactivity was detected even at 47 and the activity at 47
was higher than that at 307. No proteolytic activity was substrate recognition (8). Such a drastic change of the
catalytic activity was not observed for the cleavage be-detected at or above 507.
To understand in more detail the effects of pH and tween the 6K1 protein and the cylindrical inclusion protein
by the TuMV NIa protease, suggesting the possibilitytemperature on the proteolytic activity of the NIa prote-
ase, we investigated kinetic properties of the protease by that the cleavage of the viral polyprotein at respective
cleavage sites may be affected differently by the elimina-measuring the proteolytic activities in different reaction
conditions: (i) pH 7.0 at 12 or 257, (ii) pH 7.4 at 12 or 257, tion of the C-terminal region (6). The picornavirus 3C
proteases which resemble the NIa protease in their pri-and (iii) pH 8.3 at 12 or 257. For the reaction buffer, either
20 mM HEPES (pH 7.0 or 7.4) or 20 mM sodium borate mary structures and their roles in the viral replications
do not contain the amino acids corresponding to the C-(pH 8.3) containing 10 mM KCl, 10 mM MgCl2 , and 1 mM
DTT in each buffer was used. Proteolytic activities were terminal region eliminated by the self-cleavage of the
NIa protease (3), implying that the C-terminal region ismeasured in the range of the substrate concentration
from 0.145 to 2.33 mM. Kinetic constants, Km and Vmax , not essential for the catalytic activity but may provide
substrate specificity or play a regulatory role in the prote-for a synthetic undecapeptide substrate (Glu-Pro-Thr-Val-
Tyr-His-Gln-Thr-Leu-Asn-Glu) were determined by the Line- olysis of the viral polyprotein. The occurrence of the self-
cleavage implies that the C-terminal cleavage site mayweaver–Burk plot analysis of the proteolytic activities
obtained from three independent measurements. The regulate the proteolytic activity of the NIa protease by
interacting with the active site of the protease and suchkcat/Km value was highest in the reaction condition at pH
8.3 and 127 (Table 1), which is consistent with the results an interaction may interfere with the efficient binding of
the substrate to the active site of the protease. On theobserved in the effects of pH and temperature on the
proteolytic activity of the NIa protease (Figs. 1A and 1B). basis of this idea, we could speculate that higher temper-
atures might increase the probability of the interactionThe kcat/Km values were about 1.5-fold higher at 12 than
at 257 in all three different pH conditions (Table 1). The between the C-terminal self-cleavage site and the active
site of the protease, resulting in the increase of the KmKm values were 2.2-, 2.3-, and 4.6-fold higher at 25 than
at 127 in pH 7.0, 7.4, and 8.3, respectively. The Vmax values value for the peptide substrate.
The interaction between the C-terminal self-cleavagewere also 1.6-, 1.5-, and 2.7-fold higher at 25 than at 127 in
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FIG. 1. (A) Temperature dependence of the proteolytic activity of the NIa 27-kDa protease. The NIa protease at the concentration of 2.3 mM was
preincubated for 5 min at various temperatures in a buffer containing 20 mM HEPES, pH 7.4, 10 mM KCl, 10 mM MgCl2 , and 0.5 mM DTT. The
peptide substrate, Ac-Glu-Pro-Thr-Val-Tyr-His-Gln-Thr-Leu-amide, was then added to the reaction mixture at a final concentration of 0.62 mM. (B)
The effects of temperature on the proteolytic activities of the wild-type and the mutant proteases. The proteolytic activities of the wild-type protease
were measured in two different pH conditions, pH 8.3 (s) and pH 7.4 (l), for which either 20 mM sodium borate or 20 mM HEPES buffer containing
10 mM KCl, 10 mM MgCl2 , and 0.5 mM DTT was used, respectively. The proteolytic activities of the truncated 25-kDa protease (m), the Q221I
mutant protease (n), and the M4 mutant protease (,) were measured in the buffer with pH 7.4 at various temperatures. The ordinate represents
the percentage activity relative to that of the wild-type protease measured at pH 8.3 and 157.
site and the active site of the protease was estimated C-terminal region. The mobility of the C-terminal region
can be higher at 25 than at 127 and the region may foldby measuring the time-dependent degradation of the 27-
kDa protease to the 25-kDa protease. The purified 27- into the active site more frequently at 257. This higher
frequency of the interaction might be accompanied bykDa protease was incubated at three different tempera-
tures, 4, 12, and 257, respectively. Each aliquot of the the decrease of the probability for the interaction be-
tween the active site and the peptide substrate, resultingprotease was removed sequentially from the incubation
at time intervals of 3, 6, 9, 12, 24, 36, and 48 hr and in the reduction of the catalytic activity of the protease
at higher temperatures.subjected to SDS–PAGE analysis. Since the catalytic ac-
tivity is higher at lower temperatures, the self-cleavage If the binding of the C-terminal cleavage site to the
active site is inhibitory on the catalytic activity, the disrup-was expected to proceed faster at 12 than at 257. How-
ever, the self-cleavage occurred more rapidly at 25 than tion of the C-terminal recognition site may make the opti-
mum temperature of the proteolytic activity shift to a127 and very little of the 27-kDa protease was degraded
at 47 (Fig. 2). These results indicate that the C-terminal higher point. To investigate whether the C-terminal self-
cleavage site gives an inhibitory effect on the catalyticself-cleavage is affected in a different way by tempera-
ture. In a cis cleavage as in this case, the binding fre- activity, we prepared mutant proteases with deletions or
quency of the C-terminal cleavage site to the active site
of the protease may be dependent on the mobility of the
TABLE 1
Kinetic Parameters of the NIa 27-kDa Protease Obtained at
Different pHs and temperatures
Vmax kcata Kcat/Km
Km (mM) (mmol/mg/min) (sec01) (M01rsec01)
pH 7.0, 127 0.51 { 0.08 0.27 { 0.02 0.12 { 0.01 230
257 1.14 { 0.21 0.42 { 0.06 0.19 { 0.03 167
pH 7.4, 127 0.52 { 0.05 0.50 { 0.05 0.22 { 0.02 423
257 1.20 { 0.16 0.76 { 0.02 0.34 { 0.01 280
pH 8.3, 127 0.62 { 0.02 0.85 { 0.12 0.38 { 0.05 610 FIG. 2. SDS–PAGE analysis of proteins after the self-cleavage of the
TuMV NIa 27-kDa protease. The purified 27-kDa protease was incu-257 2.83 { 0.02 2.27 { 0.02 1.01 { 0.01 360
bated for 0, 3, 6, 12, 24, 36, and 48 hr at three different temperatures,
4, 12, and 257. The proteins after each incubation were separated bya kcat was calculated from Vmax using the molecular weight of the NIa
protease as 27 kDa. 15% SDS–PAGE and stained with Coomassie brilliant blue G-250.
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point mutations at the C-terminus and examined temper-
ature dependence of the proteolytic activity of each mu-
tant as follows.
First, a truncated 25-kDa protease with a deletion of
the C-terminal 20 amino acids (ProD20) was prepared
by incubating the 27-kDa protease for 48 hr at 307 and
the temperature dependence of its proteolytic activity
was examined. The activity profile was similar to that of
the full-length protease without showing any increase of
the optimum temperature (Fig. 1B). This result seemed
to be inconsistent with the idea that the C-terminal self-
cleavage site may interfere with the catalytic activity of
the NIa protease. However, since the self-cleavage elimi-
nates only 1 from the 7 amino acids in the cleavage site
recognized by the NIa protease, it could not be ruled out
FIG. 3. Changes of the fluorescence of the truncated 25-kDa protease
that the remaining 6 amino acids retain the ability to in a buffer containing 20 mM sodium borate, pH 8.5, 10 mM KCl, 10
interact with the active site of the protease. mM MgCl2 , and 1 mM DTT along with the temperature variation. The
maximum fluorescence (s) and the fluorescence at 335 nm (m) of theSecond, in order to prevent the interaction between
emission spectrum observed after excitation at 285 nm were measuredthe C-terminal self-cleavage site and the active site of
as the temperature increased from 2 to 657 (I) and then decreasedthe protease, a mutant protease (Q221I) with the replace-
from 65 to 157 (II). The ordinate represents the relative fluorescence
ment of Gln221 occupying the P3 position of the C-terminal intensity.
self-cleavage site by Ile was prepared as described pre-
viously (6) and its proteolytic activities were measured
at different temperatures. This mutant protease also did protease. For the preparation of the 25-kDa protease, the
NIa protease gene was amplified by polymerase chainnot show any significant differences in the pattern of the
temperature dependence of the proteolytic activity from reaction using two oligonucleotides (5*-CCC AGG ATC
CAT GGC GAG TAA CTC CAT GTT CAG AGG-3* and 5*-that of the wild-type protease (Fig. 1B). Moreover, the
mutation did not diminish the self-cleavage of the 27- ACG TAA GCT TCA CGA CGG TTG CGA TGC TTG TA-
3*) specifying the N-terminus and the C-terminus of thekDa protease to the 25-kDa protease, indicating that the
amino acid specificity for the P3 position is very low (data 25-kDa protease as primers; underlined nucleotides cor-
respond to the sequences of the 5*-end and the 3*-endnot shown).
Finally, to abolish the interaction between the active region of the 25-kDa protease gene, respectively. The N-
terminal primer contains the restriction sites for BamHIsite and the C-terminal self-cleavage site completely, we
prepared a mutant protease, M4, with the replacements and NcoI, and the C-terminal primer contains HindIII
sites. The amplified DNA was digested with BamHI andof Gln221, Pro222, Ser223, and Gly224 located in the positions
of P3, P2, P1, and P1* of the C-terminal self-cleavage site HindIII and subcloned into pGEX-KG. The 25-kDa prote-
ase was then expressed and purified in the same wayby Ser, Leu, Ile, and His, respectively, and the deletion
of the C-terminal 17 amino acids. For the preparation of as the wild-type protease (6).
Fluorescence was measured by use of a fluorescencethis mutant protease, the recombinant plasmid con-
taining the mutant protease gene of Q221I in pGEX-KG spectrophotometer (Shimadzu Model RF-5000) equipped
with a thermostatically controlled cell holder. NIa prote-(12) was digested with ClaI and HindIII, treated with
Klenow fragment for filling-in, and then self-ligated. The ase (2 mM) was incubated in the buffer containing 20
mM sodium borate, pH 8.5, 10 mM KCl, 10 mM MgCl2 ,effect of temperature on the proteolytic activity of this
mutant protease also showed the same pattern as that and 1 mM DTT at various temperatures with continuous
stirring. The temperature was increased from 2 to 657of the wild-type protease, confirming that the low-temper-
ature optimum of the catalytic activity is not related to and then decreased from 65 to 157 continuously with a
rate of 0.57/min. The protease was excited at 285 nm andthe C-terminal self-cleavage site (Fig. 1B).
The above studies imply that the low-temperature opti- the emission spectrum was observed between 300 and
450 nm. At each temperature, the maximum fluores-mum is not related to the C-terminal cleavage site but
to the stability or flexibility of the structure of the NIa cence, the wavelength at the maximum, and the fluores-
cence at 335 nm of the emission spectrum were mea-protease. We investigated a conformational change upon
temperature variation by measuring the flurorescence of sured. The fluorescence intensities decreased gradually
as temperature increased, and the intensities at 427 wereTyr and Trp present in the NIa protease. For this study,
the 25-kDa protease was used instead of the 27-kDa about 50% of those at 27 (Fig. 3). The wavelength at the
maximum fluorescence was shifted a little from 338 nmprotease, since the purification of the pure 27-kDa prote-
ase was not easy because of the self-cleavage of the at 27 to 342 nm at 427. These results indicate that the
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fluorescent residues (Tyr and Trp) of the NIa protease accommodate different structural specificities of the rec-
ognition sites in the viral polyprotein. Further studiesare located in quite different environments due to a con-
should be done to understand the relationship betweenformational change (13). Conformational changes of
the stability or flexibility of the NIa protease and its opti-RNase T2, a protein extensively studied for its conforma-
mum catalytic activity.tional change, were measured in a similar way by the
change in fluorescence intensity, which indicated that
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